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TECHNICAL NOTE NO . 1785 


FRICTION COEFFICIENTS IN THE INLET LENGTH OF SMCOTH, ROUND TUBES 
By Ascher H. Shapiro and R. Douglas Smith 


SUMMARY 


An experimental study was made of friction coefficients near the inlet 
of smooth, round tubes with bellmouth entrances . The range of Reynolds 
number (based on tube diameter) was from 39,000 to 590,000; these -values 
corresponded to turbulent flow in the region of a fully developed velocity 
profile . The tube size ranged from 3/8 inch to h inches. Four dif ferent 
combinations of approach section and be ! 3 -mo uth entry were used. Tests 
were made both with water and with air at low Mach numbers . 

The results are reported in terms of the apparent friction coefficient, 
which is d i rectly a measure of the pressure drop and which includes the 
effects of both friction and of changes in momentum flux associated with 
changes in velocity profile. 

Near the inlet the tests indicated a zone in which the developing 
boundary layer is laminar, followed by a zone in which the boundary layer 
is turbulent. Transition from a lamlna-r to turbulent boundary layer was 
found to occur at a Reynolds number (based on distance from the tube inlet) 
of about 5 X 10 , which compares well with the corresponding value for 
a flat plate. 

In the inlet region the friction coefficient was found to vary widely 
from the Karman-Nikuradse coefficient for fully developed turbulent flow 
and was . sometimes greater and sometimes less than the ~R~rfmi^n -TJll<-|Tr ads e 
value, depending on the value of the Reynolds number. About 50 tube 
diameters were required for the local friction coefficient to come within 
5 percent of the Karman-Nikuradse value and about 80 diameters for the 
integrated friction coefficient to come within 5 percent of the K^rman- 
Nikuradse value. 

The effects of inducing turbulence artifically by wire screens and 
by an obstruction on the tube wall were studied. 

In the laminar inlet zone the results were found to be in accord 
with the theory of Langhaar . 
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Tallies of tlie friction coefficient measured at large distances from 
the tube Inlet were found to be systematically about 1.3 percent higher 
than the values given by the Karman -N ikur ads e formula. 

An approximate method for predicting the discharge coefficient of 
rounded-entrance flow nozzles, based on the reported results, is presented 
and is shown to compare well with published data on flow nozzles. 


TOTE 0 I 3 UCTI 0 U 

General 


When a fluid flows steadily through a tube, the flow pattern in the 
region Immediately downstream of the entrance to the tube depends in great 
degree on the distance from the tube entrance. After thiB distance has 
become sufficiently great, that is, of the order of 50 tube diameters 
in length, the variations in flow pattern vanish, the velocity profile 
remains unaltered, and the friction coefficient is independent of the 
distance from tube inlet. 

The changes in velocity profile which occur in the inlet region 
immediately downstream of the tube entrance have an important effect on 
the friction coefficient in this region. Through the combined efforts 
of many investigators the values of the friction coefficient in the 
permanent zone downstream of the inlet region have been established with 
good accuracy. For the inlet zone, on the other hand, only scant and 
inconclusive data are available. 

There are many instances in the design of engineering equipment, 
particularly aircraft equipment, where the length-diameter ratios of ducts 
and of tubes are not large compared with the length-diameter ratio in which 
inlet effects are strong. As instances may be cited the following cases: 

(a) The tubes of radiators, intercoolers, and oil coolers 

(b) The ducts connecting air scoops in aircraft with cooling 

equipment or propulsion devices 

(c) The passageways in ram- jet and gas-turbine power plants 

(d) The connecting and return ducts for wind tunnels. 
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Object 

The object of this investigation was to determine experimentally the 
values of the friction coefficient in the inlet length of round, straight, 
smooth tubes and to find the effects on the friction coefficient of 
Reynolds number, distance from the entrance, and initial turbulence. The 
range of Reynolds number was to correspond to turbulent flow in the fully 
developed region, and compressibility effects were to be eliminated as a 
complicating factor by mating tests with water and with air at very low 
Mach numbers. 


Historical Background 

Analytical . - Boussinesq (reference l), in 1890, employed an approxi- 
mate form of the Navier-Stokes equation to obtain a solution for the 
development of the velocity profile for laminar flow in round tubes. His 
results led to a predicted length-diameter -ratio for a purely laminar 
inlet zone of 


(z/ 0 ) inlet = 0.065 R d 

Schiller (reference 2) investigated the laminar inlet zone with the 
aid of Karmen's momentum theory for the boundary layer. After assuming 
that the typical velocity profile near the inlet was composed of a 
straight-line segment terminated by parabolic arcs, he applied the 
momentum equation to the entire cross section and the Bernoulli equation 
to the central, frictionless core of fluid- The rate of development 
of the velocity profile was computed, in addition to which the pressure 
drop from the entrance was predicted. Bor the length of a purely .lami n ar 
inlet zone he obtained 

(x/°) inlet = O-OSgRp 

Atkinson and Goldstein (reference 3), also using an appro xima te form 
of the Navier-Stokes equation, improved upon the results of Boussinesq by 
employing near the entry a series solution based in part on a generalization 
of the Blasius boundary-layer equation. 

Langhaar (reference 4) presented the' most complete a n alysis for 
lamlna-r flow* He ret ain ed' more terms of the Navier-Stokes equation than 
had been retained by other investigators and obtained a solution by a 
linearizing procedure which can be partially Justified on theoretical 
grounds ./ His results are in the form of tables from which velocity profiles 
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and pressure drops may be computed. Unlike the previous work in this 
field, no definite inlet length was found, hut instead the velocity 
profile was found to approach the parabolic form, of Poiseuille in 
asymptotic fashion. The length in which the center -line velocity reaches 
99 percent of its asymptotic value was predicted to be 


(x/D)^ percent inlet - 0 *H 5 Rj) 


Latzko (reference 5) analyzed the development of a turbulent velocity 
profile in a tube by a method analogous to that of Schiller (reference 2) . 
The basic assumption of Latzko 's analysis was that a typical velocity 
profile in the inlet length is composed of a straight-line segment 
ter min ated by arcs, the velocity distribution of which follows the one- 
seventh-power law. Tor the total inlet length of a purely turbulent flow 
he obtained 


( z /d) inlet = 0.69R d °* 2 5 


Ezperl mental . - Kirsten (reference 6 ) measured velocity profiles at 
various distances from bellmouth and sharp-edged entrances for the flow 
of air through smooth tubes at very low Mach numbers and over a range 
of Reynolds number (based on tube diameter) from 20,000 to 80,000. In 
the case of flow with a well-rounded entrance, the nature of the velocity 
profiles seemed to indicate that the boundary layer near the entrance 
is at first 1 ami ear and that at some distance from the inlet a transition 
occurs to the type of combined laminar and turbulent layer customarily 
associated with flow over a flat plate and with fully developed 
turbulent flow in a pipe. Kirsten also made a few static-pressure 
measurements at the tube wall and was able to compute friction coeffi- 
cients for two Reynolds numbers. 


Nikuradse (see reference p. 27 ) reported velocity profiles for 
a purely laminar inlet region. (Reference 7 gives only a set of curves 
attributed to Wikuradsej a detailed account appears not to have been 
published.) A comparison of these measurements with the theories of 
Boussinesq_ (reference l), Schiller (reference 2), Atkinson and Goldstein 
(reference 3 ), and Langhaar (reference ^) Indicates, at least on the 
basis of center- lin e velocities, that Langhaar 's treatment is most correct 
physically over the entire inlet region. The method of Schiller predicts 
center-line velocities accurately at points close to the entry and poorly 
at points near the end of the inlet zone » The methods of Boussinesq. and 
of At klns on-Goldstein, on the other hand, compare well with Rikuradse 's 
measurements near the end of the inlet region and compare poorly near the 
entry of the duct. 
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The experimental results for -water flow reported herein for tube I 
vere obtained by Brooks, Craft, and Montrello (reference 8 ) . 

The experimental results for air flow reported herein for tube IV 
were obtained by Smith (reference 9) . 

This present project was carried out in the Mechanical Engineering 
Department of the Massachusetts Institute of Technology under the 
sponsorship and with the financial assistance of the National Advisory 
Committee for Aeronautics. The work was carried on during 1943 -44 «-nri 
during 1946-47- 

The help and encouragement- of Professor J. H. Keenan, particularly 
in the early stages, are acknowledged with thanks. 

Mr. William Vaismann gave valuable assistance in taking nnri reducing 

data . 


SYMBOLS 


A cross-sectional area of tube, square feet 

Cy. discharge coefficient for flow nozzle, defined by equation (ll), 

dimensionless 

D diameter of tube, feet 

fyq? local apparent friction coefficient, defined by equation ( 4 ), 
dimensionless 

f £jrp integrated apparent friction coefficient, defined by equations ( 5 ) 

and ( 6 ), dimensionless 

f-p-pi y friction coefficient in region of unchanging velocity profile, 
dimensionless 

1 

%-N friction coefficient from Karman -N ikurads e formula (equation 7 ) 
corresponding to value of Ejj 

p static pressure, pounds 'per square foot 

Rp Reynolds number, dimensionless (VDp/d) 

R x Reynolds, number, dimensionless (Yxp/i ) 
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V mean velocity, feet per second, 

w mass rate of flow, slugs per second. 

x distance from beginning of cylindrical part of tube, feet 

p viscosity, slugs per foot-second 

p density, slugs per cubic foot 

THEORETICAL CONSHERATIONS 


The us ual procedure in calculating friction coefficients from pressure- 
drop data is to assume tha t the velocity is unif orm, over each cross section. 
Since this igaores the changes in momentum flux -which accompany a change ip. 
velocity profile, it follows that such a friction factor does not represent 
the true drag coefficient, or, in other words, it is not equal to the ratio 
of the shearing stress at the wall to the velocity head of the stream. 
Eriction coefficients calculated in this simple way are therefore called 
"apparent friction coefficient . " In order to calculate the "true friction 
factor, " that is, the ratio of the wall shearing stress to the velocity 
head, it is necessary to consider not only the pressure drops involved 
but also the changes in velocity profile . The true friction factor is 
identical with the apparent friction factor only when the velocity dis- 
tribution is the same at all cross sections considered and when the flow 
is incompressible. 

When the tube has a well-rounded entrance the formation of the 
boundary layer might reasonably be expected to be Bimilar to the boundary - 
layer growth near the leading edge of the flat plate. Eor a short distance 
from the entrance the boundary layer would be laminar. Then, at some 
distance from the leading edge presumably dependent on the degree of 
initial turbulence, the outer portion of the bound ar y layer would become 
turbulent. The turbulent boundary layer would then spread until it 
reached the center of the tube, following which the velocity profile 
would asymptotically approach the shape corresponding to fully developed 
turbulent flow- 

The nature of viscous (la min ar) flow, the stability of laminar flow, 
and the nrarthH-n-t prm of turbulence are all associated with the Keynolds 
number. Furthermore, the amount and structure of turbulence in the stream 
at the tube entrance doubtless have an^ inf luence on the location at which 
the transition to turbulence occurs and on the ma n n er in which the 
turbulent velocity profile develops. Both Reynolds number and initial 
turbulence, therefore, might be expected to have an effect on the friction 
coefficient in the transition region. 
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It -was early decided- in this investigation to measure apparent 
friction coefficients rather than true friction coefficients. This 
decision -was prompted first, by the fact that the designer is interested 
primarily in apparent friction coefficients, and ‘second, by the manif old 
greater complexity of the apparatus required to measure true friction 
coefficients . 


APPARATUS AND TEST PROCEDURE 

On the basis of the considerations just out limed, the tests were 
carried out with water and with air at low Mach numbers. The principal 
data comprised measurements of flow rates, static pressures and pressure 
differences at the wall of the duct, and inlet temperatures. 

Four different test ducts were used. Those used for the water tests 
are identified as tubes I, H, and HI, and the single duct used for the 
air tests is tube IF. The principal dimensions, nature' of entry section, 
and size and location of pressure taps for these tubes are shown in 
figure 1 and in table I. 

Because of the emphasis on the region of changing velocity distri- 
bution, the pressure taps were most numerous and most closely spaced near 
the entrance of each tube. 


» Water TeBts 

Flow system .- Water was drawn from a large header supplied by a 
centrifugal pump at a pressure ranging from about IDO to 200 pounds per 
square inch gage, through a hand-controlled throttle valve, through the 
approach section to the test pipe, and, after passing through the test 
pipe, was discharged into an open weighing tank. The usual variations 
in flow rate during a test were of the order of 1 percent or less. 

Design of tubes .- Tube I, which had an inside . diameter of 0.373 inch, 
was attached by a reducing bushing to a straight run of 18 feet (85 diameters) 

of 2~inch, black iron pipe. The reducing bushing was machined on- the 

Inside to provide a smooth passage for the flow. Upstream of the 18-foot 

run was a 2-foot section of 2g-inch pipe filled with straightening vanes. 

The entrance to the test duct proper was, in cross section, a circular 
arc with a radius appro xim ately equal to the diameter of the test section, 
that is, 3/8 inch. Brass was used for the test duct and all attached 
fittings . Pressure taps were cleanly drilled through ‘the tube wall, and 
great care was exercised to insure that the taps were square and without 
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"burrs on the inside of the tube. Connections were made to the pressure 
taps "by means- of saddles soldered to the test pipe . 

The test pipe with' its attached hel l mouth inlet need for - tube II 
was the same one as that used for tube X. The sole difference between the 
tests with tube I and with tube H lay in the approach section used for 
the respectiye tests. For the tests with tube n, the 10-inch calming 
chamber shown in figure l(a) was placed • upstream of the test pipe, as 
shown in figure 1(c). The baffles, honeycomb, and screens in this stilling 
section, together with the area reduction of 700:1 between the sti llin g 
section and test duct, would, it was believed, reduce the initial turbulence 
in the test section to very small proportions. 

Tube 111, shown in figure l(d), was of brass and of 0.735-lach 
internal diameter. Like tube II, "it was attached to the stilling chamber 
of figure l(a), the corresponding area reduction being 105:1* In construction 
it was similar to tube I, except that at each of the first four pressure 
stations there were four pressure taps connected by a piezometer ring. 

This arrangement tended to reduce errors near the entrance which might be 
caused by a slight imperfection in a single pressure tap. 

All the test pipes used in the investigation were polished on the 
inside. The diameters were carefully measured at as many locations and 
as many orientations as convenient. The average diameterB of tubes I, H, 
and HI over their entire 'lengths were found by filling with water. 

Departures from roundness and from uniformity in diameter were within 
0.001 inch. The bellmouth entry was in each case machined" while attached to 
the tube proper, and the inlet curve was burnished so that there was no 
observable Junction between the bellmouth and the tube. 

For. runs with induced turbulence with tubes II and HI, brass 
screening (24-mesh, 30 -gage) was placed near the exit of the calming 
chamber, flush with the flange Just prior to the bellmouth. entry to the 
test duct. 

Measurements . -' Each of the pressure taps was connected through tubing 
and shutoff valves to two manifolds. Each mani f old was connected in turn 
to each leg of a mercury-water TJ-tube manometer and an air-water U-tube 
manometer. With this man! fold arrangement, pressure differences could 
be measured between any pair of taps, and the pressure taps could be • 
reversed relative to the manifolds and, to the manometers so as to permit 
tests for leakage in all parts of the system. Because of the important 
effects that even the smallest amount of leakage might have had on the 
measurements, every set of readings was checked for leakage by reversal 
of the connections between the pressure taps and the manifolds . All 
connection lines were caref ully purged of air and filled with water prior 
to each test. 
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Flow rates were measured "by direct -wei ghing in an open tank mounted 
on platf 02m scales . 

Auxiliary measurements included the temperature of the water leaving 
the apparatus, the pressure in the calming chamber, the pressure in the 
man if olds to permit corrections for the head of air In the air-water 
manometer, atmospheric temperature, and atmospheric pressure. 


Air Tests 

Flow system .- Air was drawn at atmospheric pressure from a large room 
into the test pipe through the beUmouth entry shown in figure 1 (e) . After 
leaving the test duct, the air passed through a sharp-edged orifice meter 
and was then discharged outside the building by a steam ejector. 

During each run at a specified Eeynolds number the flow rate was 
maintained nearly constant by manual control of a throttle valve down- 
stream of the orifice meter. 

Design of tube .- Tube 17 was of copper with an internal diameter of 
4 inches. The entry consisted of a spun-copper bellmouth attached to an 
annular disc of plywood 3 ^ inches in diameter . The bellmouth vaB in 
cross section an el li pse having the dimensions shown in figure 1(e) . 
Presumably the air drawn from a large quiet room into the test pipe through 
this bellmouth was very nearly free of measurable turbulence. 

The precautions followed for tubes I, U, and HE in obtaining clean 
and square pressure taps, a smooth finish an the Inside of the pipe, and 
a smooth, continuous juncture between pipe and bellmouth, were followed 
also in the case of tube 17 . 

For runs with induced turbulence, two different methods of creating 
turbulence were employed: (a) A piece of brass screening b inches in 

diameter ( 2 b -mesh, 30 -gage) was placed in the test duct at the end of the 
bellmouth entry where the latter joined onto the cylindrical test pipe 
and (b) a piece of scotch tape l/b inch wide and 0.0033 inch thick was 
placed around the inside periphery of the duct at the same location as 
the aforementioned scree ning . 

Measurements . - The first pressure tap was connected to a water- 
micromanometer. Each of the other pressure taps was connected through 
a length of tubing and a valve to a manifold, and the latter was connected 
to a second microman, ometer . Both micramanometers had one leg open to the 
atmosphere . Pressure differences were in each case measured between the 
first tap and the atmosphere and between each of the succeeding taps and 
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the atmosphere, so that the pressure drop between any pair of taps could, 
he foun d by subtraction. All Joints and connections were covered with 
glyptol so as to avoid leakage insofar as possible. 

The flow rate was calculated from the pressure and tanperature up- 
stream of the sharp-edged orifice, the pressure drop across the orifice 
as measured with a U-tube manometer, and standard A.G.A.-A.S.M.E,. discharge 
coefficients (reference ID). 

Measurements of the pressure and temperature of the air in the room 
which supplied air to the test duct were made throughout each run. 


METHODS CCF COMPUTATION 
Definitions 


Reynolds numbe rs.- The Reynolds number based on pipe diameter Rp 
is defined by 



( 1 ) 


where V is the mean velocity with respect to mass rate of flow and the 
density p and viscosity |jl are evaluated at the mean pressure and 
temperature of the stream. 

The Reynolds number based on distance from the inlet R x 
is defined by 


R x _ 


Yxp 

V- 


( 2 ) 


where x is the axial distance from the point where the cylindrical 
portion of the pipe begins (Bee fig. 1 (c)). 

From equations (l) and ( 2 ) it is evident that 


E x = E D ( z /°) 


( 3 ) 
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Frict ion coefficients .- The local apparent friction coefficient f&pp 
is defined by 


P 2 - Pi = 


kf 


AFP 


*2 ~ X 1 P J2. 
D 2 • 


w 


where p 2 and Pi are the static pressures (measured at the wall of the 
duct) at the axial locations Xq anil x^_, respectively. The value of 
f^pp calculated from equation (4) was taken to be the local value midway 
between stations 1 and 2, or, in other words, at the axial, location 
(xp + Xp) /2 . This type of friction coefficient includes the effects both 
of shearing stress at the wall and of changes in momentum flux associated 
with changes in velocity profile . When the velocity profile is the same 
at xr> and Xp, the local apparent friction coefficient is identical 
with the true drag coefficient j it is then equal to 2 t w /pv , where t w 
denotes the shearing stress at the wall. When the velocity profile is 
developing, it may be shown that the local apparent friction coefficient 
is always greater than the true drag coefficient. 

The integrated apparent friction coefficient f^pp is similar to the 
local value f^pp but provides a measure of the total pressure drop from a 
fixed point near the beginning of the duct to any other point downstream. 

It is defined by 


P - P* = ^APP 


x - x* p 2 
D 2 


(5) 


where the asterisk refers to the fixed point near the entrance of the 
duct. For design purposes it would be preferable to have x* equal to 
zero. It was not possible to do this for the experimental tests because 
of the difficulty of obtaining a mean in gful pressure measurement at the 
point where the bellmouth entry Joins the cylindrical tube. In the tests 
with tube H, for which values of f^pp are reported, x*/D was equal to 

unity. The theoretical, results for laminar flow of Langhaar, Sch i ller, 
and Atkinson and Goldstein are based on x*/D equal to zero- 


By comparing equations (k) and (5), the following relation between 
the local and integrated apparent friction coefficients is obtained: 

"(x/W 


f. A pp = 


(x/D)* 


’APP 


d(x/D) 


(x/D) - (x/D)* 


( 6 ) 


\ 
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The developed friction .coefficient fpgjy is the value of the local 
friction coefficient at distances so great from the inlet that the 

effects of ‘changing velocity profile are no longer ohservatle. It is 
computed from equation (k) . The value of fp^y was assumed to he the 
same as f^pp whdn the variations with x/D of the latter were within 
the experl mental accuracy. 

The Earman-Nikuradse friction coefficient fg>$f i® based on the 
exper ime ntal research of Nikuradse (reference 11) and the analytical 
formulation of Yon Karman (reference 12) . It is given by 


^f£_ N = -°* 8 + 2 l0g E D f f K-N 


(7) 


Precision 

During each run at a specified Reynolds number, there were slight 
variations in flow rate. In order to eliminate the effects of these 
variations, «1 1 results were reduced to standard conditions for each run 
In terms of an average value of the measured pressure drop from the 
calming chamber to the first pressure tap. In making corrections it was 
assumed that the flow rate was proportional to the square root of the 
reference pressure drop and that pressure differences were directly 
proportional to the reference pressure drop. In no case did these 
corrections exceed 1 percent. 

The average flow rates were, in the case of the water tests, accurate 
to about 0 .2 percent and, for the air tests, to about 1 percent • 

The reported friction coefficients for the water tests were, as 
regards precision of measurement, accurate to about 0. 5 percent, except 
for two runs at low values of Ep, where the accuracy was about 1 percent . 

In the air tests, because of the small pressure drop between taps, the 
friction coefficients were accurate only to about 5 percent. 

It is Important to note, however, that the reported friction coeffi- 
cients near the inle t are subject to a source of error entirely independent 
of the instrumentation, namely, the effects of nonuniformity in the 
different pressure taps. For example, the pressure drop between two taps 
1 tube diameter apart is of the order of 2 percent of the velocity head; 
in that case a defect in one of the taps which produced an error in the 
measured pressure of only 0.1 percent of the velocity head would cause an 
error in the friction coefficient of 5 percent. The error is corres- 
pondingly larger for smaller tap spacings or for greater defects in the 



NACA TN No . 1785 


13 


pressure taps. Therefore, although the tubes were carefully polished with 
fine emery cloth on the inside so as to obtain clean pressure taps, 
appreciable errors due to imperfections in the taps are doubtless present 
near the Inlets to the tubes . This is particularly true for tube IV, -where 
the tap spacing was as small as ~ tube diameter. 

EE SUITS AHD DISCUSSION 
Apparent Local Eriction Coefficient 


The results of the tests are given in figures 2 to 5 in the form of 
curves in which the ratio of the local apparent friction coefficient to 
the Karmen -Nikuradse coefficient is plotted against the ratio of the 
distance from the inlet to the tube diameter. Each curve is for a fixed 
value of R-p. Straight lines were used for joining the points because 
of the difficulty of fairing in smooth curves. 

At first sight these charts seem to have no regularity whatsoever . 
Closer examination discloses, however, that at very low Beynolds numbers 
the friction-coefficient ratio at first decreases with distance from the 
inlet, then increases rather sharply, and, after a sharp drop followed 
sometimes by a slight rise, finally decreases relatively slowly until it 
approaches an asymptote of about unity. At intermediate Eeynolds numbers 
the pattern is similar, except that over the experimental range of 
x/D values the initial decrease in the friction-coefficient ratio is 
absent. At the highest Reynolds numbers both the initial decrease and 
the first sudden increase are usually absent. 

These results are qualitatively explainable by comparing the flow 
near the inlet to the flow near the leading edge of a flat plate. In 
order to make this comparison clearer, the results of figures 2 to 5 
are replotted in figures 6 to 9 as local apparent friction coefficient 
against R x . Also, figure ID shows the results of Kirsten (reference 6) 
on this basis. For each R;p the pattern of points in figures 6 to 9 is 
the same as in figures 2 to 5 because the scales of the two sets of 
charts are proportional. In the representations of figures 6 to 10, 
however, the influence of R-p is relatively small as compared with its 
influence in the -previous charts. 

In figures 6 to ID there are plotted the l in es representing the 
drag coefficients for laminar and turbulent flow over a flat plate. The 
qualitative similarity between the pipe flow and the flat-plate flow 
is evident . Quantitative agreement cannot be expected because the 
values of f&pp include the effects of both shearing stress and momentum 
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change, ■whereas the drag coefficient for the flat plate represents only 
the shearing stress^ also, the pressure gradients in the lengthwise direction 
are different for the two cases, and . the flow in the "boundary layer is 
planar only at the very inlet to the tube. 

From figures 6 to ID it appears that there are two regimes near the 
inlet to the tube and. that the change from one regime to the other occurs 
at a value of B x of about 5 X 10 5. It is notable that the change from 

Irnnlnflr to turbulent flow for a flat, plate (reference 7, pp. 139 - 1 ^ 3 ) 
also occurs at about = 5 x 1C>5. The similarity in the slopes of 
the curves for the tube and the plate in both the lamin a r and turbu- 
lent regimes is also worthy of mention. For very high values of R^. 

the comparison naturally breaks down altogether, for the boundary 
layer in the pipe then. becomes large compared to the radius, and the 
apparent friction coefficient becomes independent of R^.. 

With the foregoing facts in mind, the following summary of events 
near the inlet of the tube seems reasonable. A laminar boundary layer 
first forms and develops in a manner comparable with that for a flat 
plate, end the friction coefficient decreases with increasing R x . At 
a value of R x of about 5 X ID^, the boundary layer changes from 
Imtidnnr to turbulent, and the friction coefficient rises sharply . 

Subsequently the friction coefficient shows a general trend downward 
toward an asymptote because the rate of change of velocity profile is 
grad ual ly reduced. The irregular effects which occur shortly after the 
change from a laminar to a turbulent boundary layer are probably the 
result of rather rapid adjustments of velocity profile within the boundary 
layer. 


From the trend of the data and from the simple physical considera- 
tions Just described, it appears that the local apparent friction coeffi- 
cient is infinite at the inlet to the tube and that it then decreases 
approximately in inverse proportion to the six-tenths power of the 
distance from the inlet. The highest reported value of fj\pp i 11 the ^ 
iwmlnn-r inlet zone, measured at ^ = 0»5, is about 3»5 times the Karman- 

Nikuradse value. The lowest measured values of f/\pp ihfthe laminar 
inlet zone are less than half the Karmaa-Nikuradse value for fully 
developed turbulent flow. 

In the tr ans ition zone immediately following the change from a 
lami-nar - to a turbulent boundary layer the maximum values of ^app/^K-N are 

about 1 . 5 , flT| d the minlTmrm values are about 0.8. 

It is difficult to determine with precision from the results given 
herein the value of x/D at which inlet effects become negligible • 
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However, it appears that the value of f&pp is confined within ID per- 
cent of the Kannan-Nikuradse value beginning at about '20 to 30 tube 
diameters from the tube inlet. The value of f^pp is confined within 
5 percent of the Kar me n -N ikurads e value beginning at about 40 to 60 tube 
diameters from, the tube inlet. These x/D values are far smaller than 
those predicted by the laminar inlet theories of Boussinesq^, Schiller, 
and Langhaar and are about three times as large as the value predicted 
by the turbulent inlet theory of Latzko (refer to section 'ISistorical 
Background" under IIMOBOCTION) . 


Integrated Friction Coefficient 

For design purposes the most important quantity is the total pressure 
drop from the inlet to any point downstream. This value is represented 
by the integrated apparent friction coefficient, which in figure 3(b) is 
shown plotted aga i nst x/D_ for the water tests with tube H. Because erf 
the cumulative nature of f^pp, the curves of figure 3(b) show much less 
variation than those of figure 3(a)> particularly at high values of x/D. 

In general, the integrated friction coefficient at any x/D value • 
greater than 20 is larger than the Karmen -Nikuradse value when Rjj is 
greater than IDO, 000 and is less than the Karman-Nikuradse value when 
R d is less than 100,000 . 


Effects of Induced Turbulence 

Figures 11 and 12 show the effects of introducing turbulence 
artificially . 

There are two possible explanations of the results of figure 11: 

(a) Initial turbulence moved the point of transition from a 
lam in ar to a turbulent boundary layer forward from B x = 5 X 10^ 
to K z = 1 x lo5 . 

(b) Initial turbulence caused the boundary layer to be turbulent 
from the inlet. The trend upward of f^pp near the inlet makes the 

first explanation physically more plausible, although the data are 
insufficient for a definite conclusion to be drawn. 

The effects of Indu ced turbulence shown in figure 12 are not strictly 
conparable with the effects shown in figure 11 because in the air tests of 
tube IT the device for producing turbulence was inserted at the be ginnin g 
of the cylindrical section of the tube . Presumably, the turbulence for 
tube IV was considerably greater than that for tube H . 
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Figure 12 shows clearly that induced turbulence may act to increase 
considerably the value of f^pp in the region which would normally be the 
laminar inlet zone. From the absence of a sharp transition zone it appears 
reasonable to conclude that in the tests with tube I? the boundary layer 
was turbulent over the range of x/D values in which measurements were 
made. The observed decrease of the apparent friction coefficient with 
increasing x/D, followed by a gradual trend toward a constant friction 
coefficient, is probably attributable chiefly to the momentum effects of 
the developing velocity profile. 

It appears from figure 12 that a small obstruction on the wall is 
much more effective in tripping the boundary layer than is a screen 
across the entire duct. In fact, in the region where R 2 is less than 

5 X 105, the strip of scotch tape led to about an eightfold increase 
in the apparent friction coefficient, whereas the screen at the inlet 
cross section led to about a threefold increase in friction coefficient. 
Also, the scotch-tape strip acted to raise by a factor of about two the 
value of the apparent friction coefficient in what would normally be 
the turbulent zone of developing velocity distribution. The effect of 
the screen was not so marked in this respect and indeed is not easy 
to summarize from figure 12. 


Laminar Inlet Zone 

Langhaar (reference t) arrived through analytical reaso nin g at a 
relation between fAPP and the single parameter (x/d) /Rp . From his 
table II there was deduced by calculation a serieB of curves of fAPP 
against for constant values of Ej). These curves based on Langhaar 's 

work have been Inserted in figures 6 to ID . It is evident from these 
charts that in the laminar portion of the inlet zone the theoretical 
results based on Langhaar 's work compare favorably with the measured 
results. The comparison is particularly impressive for the water tests 
of tube U, which, for various reasons, are probably the most reliable 
tests of those reported herein. 

In examining the results shown in figure 9 for the air tests with 
tube IF, It should be borne in mind that the apparent scattering in the 
laminar zone was not physically present but Is artificially introduced 
because of the errors associated with small spacing between pressure 
taps. Viewed in this light, the results of figure 9 support Langhaar's 
theory a lmo st as well as do the results of figures 6 to 8. 

More precise agreement between the measured results and the results 
based on Ta-nghaa.r can scarcely be expected, since there are several 
• 'ns is tent sources of divergence to be expected, among which are: 
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(a) Langhaar 's theory is "based on a un i form. Telocity profile at 
x = 0. This condition was only approximated in the experiments. 

("b) Lan^iaar's theory is "based on uniform pressure over each 
cross section. The slight deviations from this, taken together with the 
small pressure difference's between taps, might he a cause of disagreement. 

(c) The theory neglects any boundary layer which forms on the 
bellmouth entry. 

In the light of these remarks it seems fair to conclude that the theory 
of Langhaar predicts apparent friction coefficients in the laminar inlet 
zone with satisfactory accuracy. 

Before leaving the subject of the .laminar inlet zone, it is of 
interest to compare the theoretical results of Langhaar with those of 
Schiller and of Atkinson and Goldstein. Figure 13 shows that for values 
of the parameter (x/D)/Rp greater than 0 .0005, the results of Schiller 
agree well with those or Langhaar. Atkinson and Goldstein disclaim 
accuracy for their results when (x/d) /R-q is less than O.OO75. Figure 13, 
however, shows their results and those of Langhaar to be still within 
about 7 percent at this value of (x/d) /R-p, . It is noteworthy that the agree- 
ment among the various theories that consider rate of development of the 
velocity profile as to the total pressure drop from the inlet is much 
better than the agreement as to velocity profile. This is not surprising 
in. view of the remarkable success of the Karman momentum equations for 
prediction of drag, a success based largely on the insensitivity of the 
change in momentum flux to the type of velocity profile i ni ti all y assumed. 

In order to illustrate the Importance of the developing velocity 
profile, figure 13 shows also the results based on Poiseuille flow, that 
is, laminar flow with a parabolic velocity profile present from the inlet . 

For a tube length and Reynolds number corresponding to = 0 .0005, 

r d 

the total pressure drop predicted by Langhaar is 10 times as great as 

that corresponding to Poiseuille flow. At = 0.1, which is beyond 

B D 

the value at which the theories predict a nearly fully developed velocity 
profile, the total pressure drop based on Poiseuille flow (considering a 
parabolic velocity profile) is about 20 percent less than that predicted 
by Langhaar. When the length of tube is infinite, or more strictly, 
whan (x/d) /R-q is very large, the inlet effects are relatively insignifi- 
cant, so that the curve of Langhaar approaches that of Poiseuille 
asymptotically . 
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Comparison of Measured Results Obtained with Different Tubes 

In comparing the measured results obtained with tubes I, H, HI, 
and I?, the representations of figures 2 to 5 are almo st useless because 
the effect of Bp is too strong on these charts. A better comparison 
is afforded by figures 6 to 9, for which the results of Langhaar may be. 
Used as reference lines to aid the comparison. Taken as a whole, the 
agreement among the results for the four tubes seems quite satisfactory. 

In the next section it can be seen that the agreement among tubes I, II, 
and HI as regards the developed friction coefficient is very satisfactory* 

The differences among the results shown in figures 6 to 9 may be 
ascribed largely to the different type of entry used with bach tube. Not 
only does the shape of the entry affect the velocity profile at the inlet 
to the tube proper, but it also has a great influence on the thickness of 
the boundary layer at the inlet to the tube. 

From figures 6 and 7 it appears that the change from the long-pipe 
entry of figure 1(b) to the stilling-chamber entry of figure l(e) acted 
to delay the point of transition to a turbulent boundary layer from 
R x = 2 X lO^ to R x = 4 X lf)5. This is doubtless a result of the lesser 
initial turbulence present when the stilling chamber was used. 

The few results reported by Kirsten, figure 10, fit well with the 
results of the present investigation. 


Developed Friction Coefficient 

Tubes I and H were so long that it was possible to obtain data 
in a region where the variations , in f^pp were within the limits of 
experimental accuracy. The values of f^pp thus obtained are called 
the developed friction coefficient fpgy-. Presumably, the changes in 
velocity profile were negligible over the range herein considered. 

Figure it shows the measured values of fppy plotted against Bp, 
with the curve of Karm/Cn -Nlknradse Inserted for comparison. The measured 
values are consistently higher than the Karman-Nikuradse values for the 
same Bp. Considering tubes I and H only, the average value of the 
developed friction coefficient is 1.3 percent higher than the value of 
the K^rman-Nikuradse coefficient at the same Reynolds number • The 
precision of the measured data may be judged from the fact that the average 
deviation from a smooth curve through the measured values of fppy is 
about one - thir d of 1 percent . Whether the consistent departure of the 
measured results from the Karman-NIkuradse values Is the result of 
systematic errors in either the former or the latter cannot be ascertained 
without further data. 
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Figure 111- shows also the values of fjjgy for tube HI. It is open, 
to question -whether these results should properly he considered as the 
developed friction coefficient, since the two x/D va lu es over which fjjgy- 

was measured were —■ = and — • = 1 26. The departure of the developed 

friction coefficient from the Barman -Nilruradae value hy as much as 
6 percent is doubtless the consequence of smal 1 changes in velocity 
profile. This supposition is lent added weight hy the qualitative agree- 
ment between the way in which fnw/^V-w varies with B D and the fact 
that (x/D)yfej) appears to he an approximate parameter for representing 
the relative importance of changes in velocity distribution. In other 
words, for a fixed value of x/D, large values of Bp indicate large 
effects due to a changing velocity profile, and vice versa, which Beems 
to he in agreement with the results for tube ITT shown in figure 14. 


Application to Discharge Coefficients for Bounded-Entrance Flow Nozzles 

Nozzles for flow measurement usually comprise a hellmouth entry 
with an elliptical- or circular-arc cross section followed hy a short 
cylindrical section. The downstream pressure tap is commonly placed at 
l/2 throat diameter downstream from the inlet to the cylindrical section 
hut may in some designs he at a different location. 

Departures of the discharge coefficient from unity are caused hy 
friction and hy a developing velocity profile. Both these effects on the 
pressure drop are taten into account hy the integrated apparent friction 
coefficient. In the appendix, it is shown that the discharge coefficient 
may he expressed approximately by. the formula 


c = 


where x/D is the lengbh-cliameter ratio of the short cylindrical section 
of the. flow nozzle . If friction in the hellmouth entry is appreciable, the 
foregoing formula, is still approximately applicable in terms of an effective 
x/D for the combined hellmouth and cy li ndrical section. A crude method 
for evaluating the effective x/D of the hellmouth is given in the 
appendix. 

The results of the present investigation indicate that up to 
Bj. = 5 x 105 the boundary layer is 1 am i n a.r and that the theory of Langhaar 

fits the exper ime ntal data with good accuracy. The curve of Langhaar in 
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figure 13 was accordingly employed as described in the appendix for 
computing theoretically the discharge coefficients for values of x/D 
corresponding to standard flow nozzles and over a range of B-p values 
which in each case would insure a laminar boundary layer up to the 
downstream pressure tap. 

Figure 15(a) shows a comparison between the computed discharge 
coefficients and the average of the measured discharge coefficients 
reported in references 13 and lk. The nozzles referred to in references 13 
'and lk had cylindrical portions with 0.50 and effective x/D values 

for the entire nozzle of very nearly unity. In figure 15(a) the computed 
curves are therefore given for values of x/D of both 0.5 and 1.0. The 
agreement between the computed and measured discharge coefficients is 
remarkable when it is considered that the curve for the effective ratio 

of — = 1.0 fits the -average curve of measured coefficients within the 
accuracy to which the latter were measured. 

Figure 15(b) shows a comparison between the computed discharge 
coefficient and the average curve based on measurements at low Eeynolds 
numbers by Downie Smith and Steele (reference 15) • The nozzle used by 
Downie Smith and Steele had a cylindrical section 2-5 diameters long 
and a bellmouth entry with an effective x/D of about 0-5* In figure 15(b) 
the computed curves are therefore given for values of x/D of both 2*5 
and 3-0. The effect -of the bellmouth is evidently much less important 
in thiB case than in the case of the A-S.M.E . flow nozzle. Discrepancies 
among the two computed curves and the one experimental curve of figure 15(b) 
are within the experimental precision of the data of Ecwnie Smith and 
Steele • 

It seems plain from the comparisons of figures 15(a) and 15(b) that 
the method presented herein for the prediction of discharge coefficients 
is well founded in its physical concepts. The method should find use 
for estimating the way in which the discharge coefficient depends on 
the location of the downstream pressure tap of rounded-entrance flow 
nozzles. The analysis also explains much of the disagreement among the 
experimentally measured discharge coefficients for flow nozzles -of slightly 
different design. 


1 

CONCLUSIONS ‘ 


From an experimental study of friction coefficients near the inlet 
of smooth, round tubes with bellmouth entrances, the following conclusions 
can be drawn: 

1. Near the inle t to a tube with a bellmouth entrance the boundary 
layer is at first laminar and subsequently becomes turbulent at a value 
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of Reynolds number (based, on tube inlet) of about 5 X 1C)5, which la about 
the same as the corresponding value for a flat plate. The apparent 
friction coefficient in the 1 ami nar inlet zone varies approximately 
inversely with the 0.6 power of the distance from the inlet. A sharp rise 
in apparent friction coefficient accompanies the' change from a laminar 
to a turbulent boundary layer. Near the be gi nning of the turbulent inlet 
.zone there are rapid and irregular changes in the local apparent friction 
coefficient which are probably the result of rapid adjustments of velocity 
profile within the boundary layer. 


2. The reported values of the local apparent friction coefficient 
f^pp vary in the laminar inlet zone from 3*5 to 0-5 times the Karm^n- 
Nikuradse coefficient fg.jj for fully developed turbulent flow. Yery- 
near the inlet it is probable that f^pp is almost infinite compared with 
%-N* In the turbulent inlet zone the reported values of f npp range 
from 1.05 to 0.8 times f K- _jj.. The value of f^pp remains within 5 per- 
cent of fg\_jj- beginning at about 40 to 60 diameters from the tube inlet. 


3 • The integrated apparent friction coefficient f^pp^ which iB a 
measure of the- total pressure drop from the inlet, ranges from 0 .9 to 
1.25 times the value of f K-N for the tubes which are 20 diameters in 


length. Over a range of Reynolds number from 40,000 to 250,000 about 
80 tube diameters are required for f^pp to remain within 5 percent of 
f K . H . In general, In less than unity uhen the Eeynolds 


number (based on tube diameter) is less than 100,000 and is greater than 
unity for Reynolds numbers greater than 100,000. 


4. Inducing turbulence artificially acts either to move forward 
the point of transition from a laminar to a turbulent boundary layer or 
to eliminate the laminar boundary layer altogether. A strip of scotch 
tape on the wall was much more effective in tripping the boundary layer 
than was a wire screen over the entire cross section. In the laminar 
inlet zone the scotch tape led to about an eightfold increase in f^pp, 

whereas the wire screen caused about a. threefold increase. 

5. The measured values of f/\pp in the 1 amimr inlet zone support 

the laminar inlet theory of Langhaar. The integrated apparent friction 
coefficients given by the 1 aminar inlet theories of Langhaar, Schiller, 
and Atkinson and Goldstein are in good agreement despite the wide 
divergences in predicted velocity profiles . 

6. The measured results obtained with four different tubes and with 
air and water used as the flowing medium were in satisfactory agreement. 
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Differences in the approach section and in the bellmouth entry were 
probably accountable for the observed differences between the results 
with the four tubes. The data of Kirsten for air flowing in smooth tubes 
are in good agreement with the present results. 

7* The .friction coefficient for developed flow was about 1.3 percent 
higher than the Enrman-Nikuradse coefficient at the same Reynolds number 
and displayed an average scattering about a mean curve of only one-third 
of 1 percent. The source of the systematic disagreement of 1.3 percent 
between the measured values of the developed friction coefficient and 
the Karman-Nikuradse value is not known. 

8. A method based on the experimental results of this investigation 
was presented for est imat ing the discharge coefficient for rounded- 
entrance flow nozzles. Discharge coefficients computed on this basis 
were found to be in excellent agreement with published information on 
flow nozzles. 


Massachusetts Institute of Technology 
Cambridge, Mass., July 29, 194-7 
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APPENDIX 


APPROXIMATE DELATION BETWEEN DISCHARGE COEFFICIENTS OF FLOW NOZZLES 
AND FRICTION COEFFICIENTS IN INLED ZONE 


Consider a bellmoubh entry leading from a large stilling chamber to 
a short cylindrical tube of diameter D and length, x. Let the pressures 
in the stilling chamber, the Inlet to the tube, and the station x be 
denoted by p Q , pj_, and jvj, respectively. The flow is considered 

incompressible . 

As a first approximation the effects of friction in the bellmouth 
will be neglected. In that case. 



(8) 


For the cylindrical tube, from equation (5), 


-p - -n -4f — P y 2 

P ! P 2 “ APP D 2 


Adding equations (8) and ( 9 ), 


P 


o 



1 + kt 


,APP 



(9) 


( 10 ) 


The flow coefficient is defined by 


°v - 


w/Ap 2^p 0 -P2)/P 


( 11 ) 


Upon noting -that w = pAY and combining this with equations (10) 
and (ll), there is finally obtained 
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If the boundary layer up to station x is laminar, the experimental 
data reported herein indicate that the curve marked ’tanghaar" in figure 13 
may be used for finding the value of kf _^-pp(x/D) corresponding to the 
given value of x/D and any arbitrary value of Bj-,. Using equation (12), 

Cy may then be found as a function of Bp, as illustrated by figure 15* 

The frictional effects in the bellmouth entry may on occasion not be 
negligible . There seems to be no simple vay of taking these effects into 
account with accuracy. However, the order of magnitude of the effect^ 
can probably be found by treating the flow in the bellmouth as one -dimensional 
and by assuming that neither the curvature of the streamlines nor the 
pressure gradient alters the friction coefficient. The procedure then 
involves the computation of an effective x/D for the bellmouth which is 
then added to the x/D of the cylindrical tube to give the effective x/D 
of the entire nozzle. ■ 

Tn finding the effective x/D of the be llmo uth, it is first noted 

.that 

= Wat If | Vi 2 = *(x/d) f v 2 (y) S 


where the subscript i refers to conditions in the entry section. 
Also, since 



it follows that 



where the limi ts- of integration are from the beginning to the end of the 
be llmo uth entry. As an example, for a bellmouth made up of a circular-arc 
cross section with an arc radius of D, the effective x/D of the bell- 
mouth is about 0 -k . 
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Tubes I and. H 

D 

= 0.373 


X 

x/D 

d. 

0.37 

1.00 

0.020 

•93 

3.07 

.020 

1-53 

5.04 

.020 

2.08 

7.08 

.020 

3-39 

11.20 

.020 

4 . 6 l 

15.22 

.020 

7-05 

23-26 

.020 

9-49 

31-31 

.020 

H.92 

39-35 

.020 

16.80 

55-44 

.020 

21.67 

71-52 

.020 

31-42 

003.69 

.020 

41.17 

135-86 

.020 

50.91 

168.03 

.020 

60 .66 

200.20 

.020 

88.54 

237-38 

.020 

98.68 

264.55 

.020 

— 

ON 

288.67 

.020 


Tube HI 

D = 0.735 



O.38 

' 1.13 

1.88 

2.63 
4.03 

5.63 

8.63 
11.68 
lit. 63 

20.63 

26.63 

32.63 

44.63 

56.63 

68.63 

80.63 

92.63 
104.63 


0.51 

1-53 

2.55 

3-57 

5.61 

7-65 

H.73 

15.89 

19.89 

28.05 

36.21 

44.37 

60.69 

77.01 

93.33 

109.65 

125.97 

144.29 


I 

Tube 17 
► = 4.000 

1 

X 

x/D 

cL 



9.00 

13.00 

17.00 
21-00 

25.00 
29.00 
33-00 
37-00 

4 1.00 

49.00 

57-00 

65.00 

73-00 

81.00 

89.00 

97.00 


0.25 

-75 

1.25 

2.25 
3-25 

4.25 

5-25 

6.25 

7-25 

8.25 
9-25 

00.25 

12.25 

14.25 

16.25 

08.25 

20.25 

22.25 

24.25 


a Four taps were spaced, equally around, the circumference at each -of these 
stations . 
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(c) Inlet to tube n, used for water tests. The same test pipe was used 
for tubes I and It, the sole difference being in the approach to the test 
section. BeHmouth entry was in cross section a circular arc with a 
radius of 3/8 inch. 



(d) Inlet to tube m, used for water tests. At stations A, B, C, and D 
there were four pressure taps of 0.020 -inch diameter connected by a 
piezometer ring. The taps of stations A, B, C, and D were displaced 
from each other by an angle of 45° looking along axis of tube. 
Bellmouth entry was in cross section a circular arc with a radius of 
3/4 inch. 


Figure 1 .- Continued. 
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(a) Ratio of local apparent friction coefficient to Karman-Nikuradse friction coefficient 
against ratio of distance from inlet of duct to diameter of duct for constant values of 
Reynolds number based on diameter. 

Figure 3 .- Results for tube n (water test). 
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(b) Ratio of integrated apparent-friction coefficient to 
Karman-Nikuradse friction coefficient against ratio of 
distance from inlet of duct to diameter of duct for 


constant values of Reynolds number based on diameter. 


Figure 3.- Concluded. 
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Figure 4.- Results for tube in (water tests). Ratio of local’ apparent friction 
coefficient to Karman-Nikuradse friction coefficient against ratio of distance 
from inlet of duct to diameter of duct for constant values of Reynolds number 
based on diameter. 
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Figure 5.- Results for tube IV (air tests). Ratio of local apparent friction coefficient to Earman- 
Nikuradse friction coefficient against ratio of distance from inlet of duct to diameter of duct for 
constant values of Reynolds number based on diameter. ' 
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Pl^ur 0 6.- Results for tube I (water tests). Local apparent friction coefficient against Reynolds number 
based on distance from inlet for constant values of Reynolds number based on diameter. Comparison 
with theoretical results of Langhaar for l aminar flow. Comnarison wi+ii •fl O f — r*l Q+O +V>0/-»-r»rr o 

' . - — — — — — j- — —— — »> *»» v w UU.VWA j UUU 

experiment. 


u> 


KACA 03? No . 1785 



L O 

a\ 


nrw 



Theory of 
Langhaar 

R D 

- 20,000 
-50,000 
100,000 
200,000 
r 400,000 


o 

□ 

V 

▲ 

A 


Rv, 

U 

231.400 

169.400 
158,500 
II 8,600 
101,800 

59.000 


38,900 


& 



.001 


5x10* 10° 


a, 


5x10 10 


Figure 7.- Results for tube n (water tests). Local apparent friction coefficient against Reynolds 
number based on distance from inlet for constant values of Reynolds number based on diameter. 
Comparison with theoretical results of Langhaar for laminar flow. Comparison with flat-plate 
theory and experiment. 
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Figure 8.- Results for tube m (water tests). I^ocal apparent friction coefficient against Reynolds 
number based on distance from inlet for constant values of Reynolds number based on diameter 
Comparison with theoretical results of 
theory and experiment. 
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Figure 9.- Results for tube IV (air tests). Local apparent friction coefficient 
against Reynolds number based on distance from inlet for constant values 
of Reynolds number based on diameter. Comparison with theoretical 
results of Langhaar for laminar flow. Comparison with flat -plate theory 
and experiment. 
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Figure 10.- Results based on Kirsten’s tests with air. Local apparent friction 
coefficient against Reynolds number based on distance from inlet for constant 
values of Reynolds number based on diameter. Comparison with theoretical 
results of Langhaar for laminar flow. 



Figure 11.- Effect of induced turbulence (tube n, water tests). Local 

apparent friction coefficient against Reynolds number based on distance 
from inlet for constant values of Reynolds number based on diameter. 
Effect of wire screen (24 -mesh, 30-gage) flush with downstream flange 
of calming chamber id shown. 
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Figure 12.- Effect of induced turbulence (tube IV, air tests). Local 

apparent friction coefficient against Reynolds number based on distance 
from inlet for constant values of Reynolds number based on diameter. 
Effects of wire screen (24 -mesh, 30 -gage) across inlet and of strip of 

scotch tape (^— in. wide, 0.0033 in. thick^ at inlet are shown. Both 

screen and scotch tape were at the beginning of cylindrical section 
of tube. 
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Figure 13.- Comparison of theories lor laminar inlet region'. Curves mar ked Langhaar, S chill er, 
and At kins on-Goldstein are based on theories which take account of changing velocity profile. 
Curve marked Poiseuille is based on a parabolic velocity profile from beginning of inlet region. 
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Figure 14.- Friction coefficients for water tests in region of unchanging 
velocity profile. Comparison between measured values of developed 
friction coefficient and values taken from Karman-Nikuradse relation 
at same Reynolds number based on diameter. For tube n open squares 
represent rains with an undisturbed entrance, and closed squares 
represent runs with turbulence -inducing wire screen across inlet. The 
two values of x/D (x denotes distance from inlet; D denotes tube 
diameter) between which developed friction coefficient was measured 
were as follows: Tube I, from x/D = 168 to x/D = 200; tube H, 
from x/D = 72 to x/D = 237; tube m, from x/D = 44 to x/D = 126. 
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(a) Discharge coefficient against Reynolds number based on diameter. Curves 
marked A.S.M.E. and Buckland are from references 13 and 14, respectively, and 

refer to nozzles with cylindrical sections i- diameter in length. Theoretical 

Cl 

curves were computed from equation (12) and figure 13. 

Figure 15.- Comparison between predicted and published discharge coefficients 

for flow nozzles. 
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(b) Discharge coefficient against Reynolds number based on tube diameter. Curve marked Downie Smith 
and Steele is from reference 15 and refers to a nozzle with a cylindrical section 2^ diameters in length. 
Theoretical curves were computed from equation (12) and figure 13. 


Figure 15.- Concluded. 
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